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SECTION 1 

INTRODUCTION 

The purpose o f  t h e  present  i n v e s t i g a t i o n  has  been t o  develop a 

two-wire probe i n t o  an instrument  capable  of determining f l u i d  v e l o c i t y ,  

p re s su re ,  d e n s i t y ,  and temperature i n  an  unknown flow f i e l d .  The idea ,  

which has been desc r ibed  i n  References 1 and 2, makes &e of two ve ry  

small w i r e  elements. When one wire i s  h e a t e d  by a s h o r t  pu l se  of elec- 

t r ica l  energy, i t  t r a n s f e r s  heat t o  t he  flow. The hea ted  flow i s  sensed 

by t h e  second w i r e  provided t h a t  t h e  second w i r e  i s  placed w i t h i n  the  wake 

of t he  f i r s t  w i r e .  The t i m e  f o r  t h e  hea t ed  wake t o  travel between the  

wires may be used t o  determine the  flow speed; t h e  d i r e c t i o n  of t he  wake 

behind t h e  f i r s t  w i r e  determines t h e  v e l o c i t y  v e c t o r  d i r e c t i o n .  The 

method of computing t h e  flow speed a l s o  depends on two measurements of t h e  

hot-wire r e s i s t a n c e  a t  two d i f f e r e n t  h e a t i n g  c u r r e n t s .  The measurements 

a r e  then used t o  compute the f l u i d  p r e s s u r e ,  d e n s i t y ,  and temperature.  

I 
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The two wire elements a r e  he ld  i n  t h e  a i r s t r e a m  by fou r  s l ende r  

needles .  The needles a r e ,  i n  t u r n ,  held i n  p l ace  by the  probe s t r u c t u r e .  

The probe i s  capable of p o s i t i o n i n g  the two w i r e s  s o  t h a t  the wake of t he  

f i r s t  wire i s  i n t e r c e p t e d  by the  second wire .  

The probe mechanism and wire  ho lde r s  a r e  desc r ibed  i n  Sec t ions  2 

and 3 .  Sect ions 4 and 5 d e s c r i b e  probe tes t s  i n  subsonic and supersonic  

streams. The method of convert ing the  probe measurements i n t o  stream 

parameters i s  described i n  Sec t ion  6 ;  a sample flow f i e l d  measurement i s  

given i n  Section 7.  Sect ion 8 desc r ibes  t h e  flow regime i n  which the 

probe may be operated; Sec t ion  8 suggests  two a r e a s  of r e s e a r c h  t h a t  would 

be u s e f u l  i n  extending t h e  probe ope ra t ing  l i m i t s .  Concluding s ta tements  

a r e  given i n  Section 9 .  

-2 -  



SECTION 2 

PROBE CONSTRUCTION AND OPERATION 

Three probe models have been designed and b u i l t .  

except ion ,  t h e  mechanics of the  th ree  probes a r e  a l i k e ,  and have been 

desc r ibed  earlier.3 

t o  be b u i l t .  

With one minor 

F igures  1 and 2 show photographs of the  t h i r d  probe 

The t h i r d  probe i s  motor d r iven ,  whereas the  f i r s t  two probes 

a r e  operable  through t h r e e  f l e x i b l e  s h a f t s  connected i n  p lace  of t h e  t h r e e  

motors of F igures  1 and 2. 

Figure 3 shows t h e  probe t i p s ,  the  support  tubes ,  and the  f r o n t  

hinge. The dimensions x and y a r e  def ined  on the f i g u r e  f o r  t h e  con- 

d i t i o n  t h a t  the  l inkage  mechanism, which d r i v e s  tube no. 1, be pos i t i oned  

2 2 

a t  t h e  r igh t - ang le  c o n f i g u r a t i o n  shown i n  t h e  f i g u r e .  This  r igh t - ang le  

c o n f i g u r a t i o n  a l s o  d e f i n e s  t h e  zero o r  c e n t r a l  p o s i t i o n  o f  t h e  two screws 

which d r i v e  t h e  l inkage.  One r evo lu t ion  of screw no. 1 d r i v e s  w i r e  no. 1 

a nominal d i s t a n c e  of x = 0.0100 i n ,  y1 = 0. One r e v o l u t i o n  of screw 

no. 2 d r i v e s  wire  no. 1 a nominal d i s t a n c e  of x 

1 

= 0 i n ,  y1 = -0.0100 i n .  1 

-3- 
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FIGURE 2 .  PROBE NO. 3 
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The a c t u a l  x 

and i s  given by Figure 4 .  

so t h a t  i t  s l i d e s  on tube 1 r a t h e r  t han  on tube 2; a l s o ,  f o r  probe one, 

t h e  0.800 dimension on t h e  probe t i p  i s  1.100 i n .  Because of t h e  hinge 

d i f f e r e n c e ,  use Figure 5 r a t h e r  than Figure 4 f o r  t h e  x 1, y1 motion on 

probe one.) 

and y 1 1 motion i s  somewhat d i f f e r e n t  from t h e  nominal motion, 

(On probe one only,  t h e  f r o n t  hinge is  i n v e r t e d  

When t h e  probe is  operated so that w i r e  2 i s  a t  t h e  c e n t e r  of 

t he  wake of w i r e  1, t h e  flow angle  8 measured wi th  r e s p e c t  t o  the  cen te r -  

l i n e  of tube 2 i s  given by 

-1 y 1  +Y2)  
( x , X ,  

8 = t a n  
I L 

This  angle  i s ,  of course,  measured i n  the plane of tubes 1 and 2. This 

p l ane  and the  probe mechanism ( l inkage ,  both tubes and w i r e s )  r o t a t e  as a 

u n i t  about t he  c e n t e r l i n e  of tube 2. 

t oge the r  determine uniquely the  vec to r  flow d i r e c t i o n .  

The ang le  0 of t h i s  r o t a t i o n  and 0 

The angle  0 should be determined i n  any flow f i e l d  a p p l i c a t i o n  

be fo re  the  angle  8 i s  determined. This i s  done, as desc r ibed  i n  

Reference 1, by r o t a t i n g  the probe about t h e  8 a x i s  u n t i l  t h e  vo l t age  

measured a c r o s s  wire 2 i s  a minimum, i n d i c a t i n g  t h a t  t h e  stream i s  then  

normal t o  wire 2. Wire 1 could a l s o  be used f o r  t h e  same purpose provided 

t h a t  i t  is switched from the  pu l se  gene ra to r  t o  a cons t an t  c u r r e n t  source.  

Maximum s e n s i t i v i t y  of t h e  wire vo l t age  t o  a n g l e  0 occurs  a t  the l a r g e s t  

p o s s i b l e  value of c u r r e n t ;  a suggested c u r r e n t  va lue  f o r  w i r e  2 i s  10 m a .  

I n  hunt ing f o r  t h e  proper 0 ,  the  operator  should r e a l i z e  t h a t  i f  t h e  stream 
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i s  p a r a l l e l  t o  t h e  8 a x i s  ( o r  n e a r l y  p a r a l l e l ) ,  t he  wire w i l l  always be 

perpendicular  (or  near ly  pe rpend icu la r )  t o  t h e  stream. Therefore,  a l ack  

of s e n s i t i v i t y  of the v o l t a g e  t o  angle  8 may be i n t e r p r e t e d  a s  a stream 

almost p a r a l l e l  t o  the 8 a x i s .  

The 2.55  i n  dimension shown on Figure 3 i s  e s s e n t i a l  i n  o r d e r  

dimensions of Figures  4 and 5 be c o r r e c t .  On occasion,  
1’  y 1  t h a t  the x 

however, a probe t i p  of l eng th  d i f f e r e n t  from t h e  0.800 i n  of Figure 3 

may be u t i l i z e d  f o r  w i r e  1. I n  t h i s  c a s e  a s l i g h t  c o r r e c t i o n  should be 

app l i ed  t o  the r ead ings  of F igu res  4 and 5 .  If. 4, i s  the  new l e n g t h  of 

t he  2 .55  dimension, the new va lues  of x and y a r e  

1 

1 1 

- 
- x1 new x1 

.e, 
= Y 1  

new Y 1  

I f  the probe t i p  1 i s  shaped considerably d i f f e r e n t  from t h a t  

of F i g u r e  3, so  t h a t  the wi re  i s  i n  a h o r i z o n t a l  plane t h a t  i s  some 

d i s t a n c e  y above the f r o n t  hinge l i n e ,  an added c o r r e c t i o n  i s  necessary 

t o  the va lue  of x so  t h a t  

3 

1’ 

- Y 1  - - (-1 Y3 
new &l x1 ( 2 - 4 )  

This co r rec t ion  term i s  gene ra l ly  q u i t e  small .  

A p o s i t i v e  r o t a t i o n  of t h e  two screws and/or  t he  angle  0 i s  here  

def ined a s  clockwise, a s  seen i n  the view of the probe given by Figure 2 .  

Probes one and two a r e  d r iven  by f l e x i b l e  s h a f t s  equipped w i t h  “duodials”  

which record the s h a f t  r o t a t i o n  on the  f a c e  of t he  d i a l .  For convenience, 

-10- 



t h e  duodial  f aces  should be pos i t ioned  a t  zero  when t h e  probe l inkage  is 

i n  the  r igh t -angled  conf igu ra t ion  of F igure  3.  Then the  duodial  reading  

r e p r e s e n t s  t h e  number of screw revo lu t ions  on F igures  4 and 5. 

For probe t h r e e ,  e l e c t r i c  motors d r i v e  t h e  probe. As seen i n  

Figure  2 ,  t h e  motor on t h e  l e f t ,  motor no. 1, d r i v e s  screw no. 1. The 

motor on the  r i g h t ,  motor no. 2, drives screw no. 2.  The c e n t r a l  motor, 

motor no. 3, d r i v e s  t h e  e n t i r e  probe through t h e  angle  6. Each of t h e  

motors d r i v e  a p o s i t i o n  readout  device o r  potent iometer  through gea r s ;  

t he  poten t iometers  a r e  numbered 1, 2 ,  and 3 corresponding t o  motors 1, 2, 

and 3. 

All t h e  e l e c t r i c a l  l eads  t o  the probe are brought ou t  through a 

25 p i n  Cannon plug, as shown a t  the  bottom of Figure  2. 

probe and t h e  r equ i r ed  c o n t r o l  c i r c u i t  i s  shown on Figures  6 and 7. 

The wi r ing  of t h e  

Terminals E and F must r e c e i v e  vo l t age  of t h e  i n d i c a t e d  p o l a r i t y ;  t h i s  

enables  t h e  l i m i t  switches t o  func t ion  proper ly  on motor 3.  Switch 1 con- 

t r o l s  the  d i r e c t i o n  of r o t a t i o n  of motor 3 .  

t e rmina l s  AB and on CD run motors 1 and 2 ,  r e s p e c t i v e l y .  

The power s u p p l i e s  used on 

A p o s i t i v e  v o l t a g e  

on t e rmina l s  A and C w i l l  run  t h e  motors so t h a t  x1 and yl, r e s p e c t i v e l y ,  

are increased .  Terminals B and D a r e  wired toge the r  and t o  the  ground of 

t h e  probe. For t h i s  reason,  one power supply cannot be used s imultaneously 

a t  AB and CD un le s s  i t  i s  d e s i r e d  that both B and D have t h e  same p o l a r i t y .  

The speed of the  d r i v e  motors is, of course ,  c o n t r o l l e d  by t h e  app l i ed  

vo l t age ,  which should no t  exceed 27 V .  A t  27 V, motors 1 and 2 w i l l  t u r n  

t h e i r  ou tput  s h a f t s  a t  about 29 RPM; motor 3 w i l l  turn i t s  output  s h a f t  a t  

about  2 .3  RPM. 

-11- 
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The requi red  probe p o s i t i o n  readout  c i r c u i t  i s  shown on t h e  

lower p a r t  of  Figure 7 .  (The c i r c u i t s  on F igure  7 a r e  no t  supp l i ed  a s  a 

p a r t  of t he  present  c o n t r a c t ;  t h e r e f o r e ,  Figure 7 r e p r e s e n t s  only t h e  

suggested means of c o n t r o l l i n g  and p o s i t i o n i n g  t h e  probe.)  The c i r c u i t  

i s  powered by two mercury c e l l s .  The c u r r e n t  d r a i n  on t h e  c e l l s  i s  less  

than  one ma; neve r the l e s s  i t  i s  suggested t h a t  c e l l s  about  t he  s i z e  of 

an  ord inary  f l a s h l i g h t  b a t t e r y  be used f o r  long l i f e  wi thout  apprec i ab le  

vo l t age  v a r i a t i o n .  I f  d e s i r e d ,  an  inexpensive vo l tme te r  can  be added 

t o  monitor the t o t a l  v o l t a g e  output  of t he  two c e l l s ,  which w i l l  be 

a b o u t  2 . 7 0  v o l t s  f o r  mercury c e l l s  i n  good cond i t ion .  With t h i s  v o l t a g e ,  

i t  i s  recommended t h a t  R and R be a d j u s t e d  t o  about  800 ohms and R t o  

about 17,000 ohms. Then t h e  output  vo l t ages  r ead  on t h e  d i g i t a l  vo l tme te r s  

w i l l  be nea r  0.100 V per r e v o l u t i o n  of screws 1 and 2 ,  corresponding t o  a 

nominal movement of w i r e  1 of 0.010 i n  i n  both  t h e  x and y d i r e c t i o n s .  

The output  vo l tage  on t h e  t h i r d  d i g i t a l  vo l tme te r  w i l l  then  be near  1.000 

1’ per r evo lu t ion  o f  t h e  probe about t h e  0 a x i s .  It i s  recommended t h a t  R 

R2,  and R 

above quoted values  and a potent iometer  i n  series f o r  a d j u s t i n g  t h e  t o t a l  

r e s i s t a n c e s  of R 

quoted ou tpu t s  p e r  r e v o l u t i o n  of the  probe o r  t h e  two screws. The pos i -  

t i o n s  of t h e  screws and probe w i l l  then be  r ead  d i r e c t l y  on t h e  3 d i g i t a l  

4’ vo l tme te r s  i nd ica t ed  on Figure  7 ,  provided t h a t  t h e  s l i d e  p o s i t i o n s  on R 

R and R a r e  a d j u s t e d  s o  t h a t  each of t h e  vo l tme te r s  r eads  ze ro  when the  5’ 6 

probe i s  a t  the ze ro  r e fe rence  on t h e  0 a x i s  and t h e  probe l inkage  i s  i n  

1 2 3 

1 1 

be each a combination of a f i x e d  r e s i s t o r  smaller than  the  3 

and R t o  t h e  exac t  va lue  r e q u i r e d  f o r  t h e  above 1’ R2’ 3 

-14- 



R5 , t h e  r igh t - ang led  p o s i t i o n  i n d i c a t e d  i n  Figure 3.  

and R6 should each be 10,000 ohms.) 

meters  may be,  of course ,  replaced by a s i n g l e  d i g i t a l  vo l tmeter  and a 

t h r e e  p o s i t i o n  switch. 

(The va lues  of R4,  

For economy, the  t h r e e  d i g i t a l  v o l t -  

Because t h e  two screws a re  d r iven  through rubber coupl ings  which 

have a small amount of backlash,  the  two screws should always be d r iven  

i n  j u s t  one d i r e c t i o n  be fo re  a t tempting t o  s t o p  a t  a p r e c i s e  po in t .  The 

p r e f e r r e d  d i r e c t i o n  i s  a clockwise r o t a t i o n  of t h e  screws ( a s  seen i n  

F igure  2),which corresponds t o  a p o s i t i v e  change i n  x and a nega t ive  

change i n  y t h i s  r e q u i r e s  a p o s i t i v e  vo l t age  a t  te rmina l  A (F igure  7) 

and a n e g a t i v e  vo l t age  a t  terminal  C. 

1 

1’ 

Care must be exe rc i sed  t o  avoid over-running t h e  probe l i m i t s  of 

t r a v e l  and r e s u l t a n t  probe damage. 

l i m i t  switches.  The x and y t r a v e l  does not  have l i m i t  switches;  

fur thermore,  c a r e  must be taken t o  avoid  breaking e i t h e r  of t he  two hot  

wi res  by con tac t  wi th  t h e  oppos i te  probe t i p .  Also, the  number 1 and 2 

potent iometers  can be damaged by over-running t h e i r  t r a v e l  l i m i t s .  These 

poten t iometers  have a t u r n  limit of only 10 t u r n s ,  which corresponds t o  

25 t u r n s  of t h e  motor output  s h a f t s .  I f  t h e  R and R s l i d e r s  a r e  moved 

t o  the  end n e a r e s t  t o  p i n  1, t h e  d i g i t a l  vo l tme te r s  w i l l  r ead  a vo l t age  

t h a t  goes t o  near  ze ro  as t h e  probe poten t iometers  a r e  turned toward one 

end of t h e i r  t r a v e l ,  and t o  near  2.500 V as t h e  probe poten t iometers  are 

turned toward t h e  oppos i te  end of t h e i r  t r a v e l .  This  t e s t  w i l l  s e rve  t o  

de f ine  t h e  l i m i t s  of t r a v e l  without i n j u r i n g  the  probe poten t iometers .  

The 0 t r a v e l  i s  p ro tec t ed  by two small 

1 1 

4 5 
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I f  des i r ed ,  th ree  switches may be added i n  t h e  wires going t o  the  t h r e e  

s l i d e r  arms of R 

o f  the Cannon p l u g .  This  w i l l  permit t e s t i n g  f o r  t h e  l i m i t s  of t h e  probe 

potent iometer  without  d i s t u r b i n g  the  s l i d e r  ad jus tments  on R 

R5,  and R6 so t h a t  t hese  wires may be switched t o  p in  1 4’ 

4’ R5’ and R 6’ 
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SECTION 3 

PROBE TIP AND HOT-WIRE CONSTRUCTION 

A schematic view of t h e  probe t i p s  have been given i n  Figure 3; 

t h e  t i p s  are a l s o  v i s i b l e  i n  Figure 1. An en la rged  view of one probe t i p  

i s  shown i n  Figure 8. The t i p  unplugs from the main p a r t  of t h e  probe 

so  t h a t  t h e  hot-wire element may be e a s i l y  in spec ted  o r  modified. The 

two phosphor-bronze w i r e s  o r  "needles" form t h e  male p a r t  of t h e  plug, 

and the needles  extend through t o  the hot-wire end of t h e  t i p .  A t  t h i s  

end t h e  needles  are t ape red  t o  a d i a m e t e r  of 0.010 i n .  The d i s t a n c e  L 

between t h e  needles  i s  v a r i e d  according t o  the  a p p l i c a t i o n .  

The needles  may be bent or d i s t o r t e d  so t h a t  t he  r e l a t i v e  

p o s i t i o n  of t h e  two hot-wires  may be v a r i e d  t o  s u i t  a p a r t i c u l a r  app l i ca -  

t i o n .  The upper p a r t  of Figure 9 i l l u s t r a t e s  a p a i r  of probe t i p s  operated 

i n  t h e  normal manner, bu t  w i th  some curva tu re  nea r  t h e  needle  t i p s  so  t h a t  

the ho t  wires may be a l i g n e d  wi th  t h e  stream without  i n t e r f e r e n c e  between 

the two t i p s .  The lower p a r t  of Figure 9 i l l u s t r a t e s  a second p a i r  of 

-17- 



W / 
5 
3 
W 
N 

$ 
pc, 
0 
X 
PI 
VI 
0 
X 
PI 

m 
W 

:: 
lk 

c 
H 
FI 
CJ 
m 
0 

0 

'I 
' I  

1 
I 
I 
I 
I 
I 
I 
I 
5 
I 
I 
I 
I 
I 
I 
I 
I 

~ 



WIRE NO. 2 ' 1  

WIRE NO. 1 

FLOW 

WIRE 

WIRE 

NO. 1 

NO. 2 

F04923 U 

FIGURE 9 .  FXAMPLES OF PROBE T I P  CONFIGURATIONS 
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t i p s  which were cons t ruc t ed  e s p e c i a l l y  t o  measure a region of r eve r se  

flow. Such a conf igu ra t ion  was used f o r  t h e  r e v e r s e  flow measurements 

r epor t ed  i n  Section 7 .  Note t h a t  i n  t h i s  ca se  the r o l e s  of wire 1 and 

wire 2 a r e  interchanged from those i n d i c a t e d  by Figure 3 .  This  interchange 

i s  poss ib l e  by interchanging t h e  pulse  generator  and the  c o n t r o l  c i r c u i t  

terminals  of Figure 7.  

Best resu l t s  i n  both the  subsonic and supersonic  t e s t s  were had 

using a wire  1 diameter of 0,0003 in .and a l eng th  (Figure 8) of near  

0.060 i n .  For wire 2 t h e  b e s t  r e s u l t s  were ob ta ined  w i t h  a diameter of 

0.00010 in . and  4, = 0.015 i n .  These dimensions pe rmi t t ed  the no. 2 t i p  

t o  f i t  between the  needles  of t he  no. 1 t i p  i f  d e s i r e d  f o r  ease  i n  

a l i g n i n g  the wires  wi th  the  stream. A second advantage of t h i s  i s  t h a t  

the no. 2 wire tends t o  s t a y  out of t he  wake of the needles  support ing 

the  no. 1 wire. 

I f  wire no. 1 i s  made of a smaller  diameter, t he  above advantages 

a r e  l o s t  because of the n e c e s s a r i l y  sho r t en  l eng th  of t h e  wi re .  I f  t h e  

no. 1 w i r e  i s  made l a r g e r ,  t h e  Hewlett-Packard 214A pu l se  generator  used 

t o  d r i v e  the w i r e  i s  no longer powerful enough t o  f u l l y  hea t  the wire 

during one p u l s e .  Wire no. 2 cannot be made much l a r g e r  without  

destroying the above advantages;  i f  i t  i s  made much smaller  the wire 

tends t o  be f r a g i l e  and d i f f i c u l t  t o  mount on t h e  probe t i p .  

For a l l  t e s t s  t he  wi re  m a t e r i a l  w a s  90% Pt and 10% Rh. The wire 

was purchased from the  Sigmund Cohn Corporation of M t .  Vernon, N.Y. A s  

purchased, the wi re  was coated wi th  s i l v e r  f o r  ea se  i n  handling. The 

I 
4 

3 
i 
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wires w e r e  mounted onto t h e  probe t i p  needles  by f i r s t  removing an  inch 

o r  less of wire from i t s  spool and a t t a c h i n g  it w i t h  a b i t  of wax t o  the  

end of a 0.035 i n  d i a  copper wire. 

i nches  long, had i t s  oppos i t e  end permanently a t t a c h e d  t o  a t h r e e  ounce 

b r a s s  weight which r e s t e d  f l a t  on t h e  work-table top. 

could then  be ben t  so t h a t  i t  would hold t h e  Pt-Rh w i r e  t o  r e s t  a g a i n s t  

the probe needles .  

The copper w i r e ,  which w a s  about 2 

The copper w i r e  

Before t h e  w i r e  w a s  soldered i n  p l ace ,  the needles  were 

thoroughly t i nned  wi th  a t h i n  coat ing o f  a good grade of so lde r .  

f l u x  w a s  used t o  c l e a n  t h e  needles;  a l s o  a l i t t l e  f l u x  w a s  placed on the  

need le s  t o  he lp  hold the  w i r e  i n  place. 

Rosin 

The probe t i p  and needles  w a s  h e l d  by a small holder  mounted i n  a 

bench vise. 

observed e i t h e r  by the  naked eye or by a s t e r e o  microscope having a 20X 

magnif icat ion.  Before s o l d e r i n g ,  t h e  s i l v e r  c o a t i n g  on the las t  1/16 i n .  

o r  so  of t he  wi re  w a s  removed by immersion of t h e  w i r e  t i p  i n  a w a r m  50% 

HN03 bath.  

the needle  t i p s .  

w i r e  a g a i n s t  each of the two needles.  Ca re fu l  manipulation of t h e  i r o n  

would tend t o  wrap t h e  w i r e  around t h e  needle  t i p  and r e s u l t  i n  a s t r o n g  

j o i n t .  

u n t i l  t h e  s o l d e r  cooled. A f t e r  the w i r e  at tachment,  a r a z o r  blade was 

used t o  remove t h e  unused p o r t i o n  of t h e  w i r e  from t h e  needle t i p s .  

remaining p i ece  of coated wire  could then be used f o r  s e v e r a l  o t h e r  probe 

t i p s  be fo re  i t  was necessa ry  t o  cut a new l e n g t h  of w i r e .  

The re la t ive p o s i t i o n  of t h e  need le s  and t h e  w i r e  w a s  

Then t h e  wire p o s i t i o n  w a s  c a r e f u l l y  a d j u s t e d  with r e s p e c t  t o  

F i n a l l y ,  the t i p  of a small i r o n  w a s  used t o  p r e s s  t h e  

The so lde r  s u r f a c e  t ens ion  a i d e d  i n  holding t h e  w i r e  i n  p l a c e  

The 
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Other a i d s  t o  the wi re  mounting process  inc lude  a small "Tensor" 

lamp to  provide good i l l umina t ion  of the w i r e ,  a two-inch square of b l ack  

non-glossy paper, and a small  platform f o r  holding the  v i s e .  The Tensor 

lamp could be l o c a t e d  so t h a t  a b r i g h t  r e f l e c t i o n  shone o f f  t h e  wi re ;  

the black paper provided a good background so t h a t  t h e  wire  cou ld  be 

observed even more c l e a r l y .  The platform,  which was only one-half i nch  

i n  he igh t ,  had a small adjustment screw which changed the  he igh t  of one 

end of the platform. This adjustment permit ted t h e  needles  t o  be moved 

upward or  downward by 0.001 i n  or  more a t  a time t o  a i d  i n  p l ac ing  the  

needles  a t  t h e  proper he igh t  w i t h  r e s p e c t  t o  the  w i r e .  

By using t h e  above procedures,  the hot wires were s u f f i c i e n t l y  

we l l - jo ined  t o  the needles  t h a t  wire  breakage from t h e  peak a i r  loads of 

tunnel  s t a r t u p  or shutdown was a l l  but e l imina ted .  

Recently,  a 92% P t  and 8% W wire has become a v a i l a b l e  (#479 

Platinum, Sigmund Cohn Corp.) i n  diameters  as small  as 0.0002 i n .  This 

wire i s  almost 3 times a s  s t r o n g  a s  the 90% Pt and 10% Rh wi re ,  and i t s  

r e s i s t i v i t y  i s  almost twice a s  l a r g e  a s  the previous wire .  This means 

t h a t  the new wire ,  when used i n  p l ace  of the above no. 1 wi re ,  should 

absorb almost twice the h e a t  f o r  a given s e t t i n g  of t he  pu l se  gene ra to r  

ou tpu t ;  furthermore,  i t s  added s t r e n g t h  may wi ths t and  t h e  higher  hea t ing  

r a t e .  The r e s u l t  should be an ampl i f i ed  heat  s i g n a l .  

The second wire should no t  use the 92% Pt - 8% W a l l o y ,  s ince  the  

m a t e r i a l  thermal c o e f f i c i e n t  o f  r e s i s t a n c e  i s  q u i t e  small .  
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SECTION 4 

VELOCITY MEGSUREMENT TESTS I N  SUBSONIC FLOW 

The second progress  repor t4  and o t h e r  sources1y2 have descr ibed  

subsonic  v e l o c i t y  measurements using t h e  two-wire probe. The probe was 

p laced  i n  a small, subsonic  wind tunnel .  

connect ing i t s  te rmina ls  d i r e c t l y  t o  t h e  output  of a Hewlett-Packard 214A 

Pulse  Generator.  The second wire  w a s  heated wi th  a s teady  c u r r e n t ,  and 

t h e  w i r e  vo l t age  f l u c t u a t i o n s  were ampl i f i ed  using a Transmetr ics  ho t -  

wire  a m p l i f i e r .  The ampl i f i e r  output  was d isp layed  on an osc i l l o scope  

whose t r a c e  was t r i g g e r e d  by t h e  pulse  gene ra to r .  

The f i r s t  w i r e  was hea ted  by 

4.1 PULSE LENGTH AND AMPLITUDE 

Throughout the t e s t i n g ,  the p u l s e  l eng th  and amplitude was v a r i e d  

over a wide range. 4 y 5  

5 microseconds. 

longer  times tended t o  complicate  t h e  measurement of t . The amplitude 

was kept  a s  l a r g e  a s  adequate w i r e  l i f e  would permit ;  on most t e s t s ,  which 

B e s t  r e s u l t s  w e r e  ob ta ined  wi th  a pu l se  l e n g t h  of 

Shor te r  times did not  hea t  the  wire e f f i ~ i e n t l y , ~  whereas 

0 
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' B  

used the 0.0003 i n  wires  discussed i n  Sect ion 3 ,  t h e  Hewlett-Packard 214A 

generator  was switched t o  the maximum output  a v a i l a b l e  on the  50 v o l t  

s c a l e .  

The pulse  r e p e t i t i o n  r a t e  was v a r i e d  from 10 per second t o  167 

per second. The lowest r a t e ,  10 per second, was g e n e r a l l y  the most 

s a t i s f a c t o r y  s ince  t h i s  allows t h e  maximum t i m e  f o r  the f i r s t  wire t o  

cool  between pu l ses .  This low r a t e  had t h e  advantage of i n c r e a s i n g  the  

l i f e t i m e  of the f i r s t  wire .  

4.2 SECOND WIRE CURRENT AND SIGNAL AMPLIFICATION 

4 ,5  A The second wire c u r r e n t  was v a r i e d  over a wide range. 

c u r r e n t  l e v e l  of 10 ma was found t o  be s a t i s f a c t o r y  f o r  a l l  the t e s t i n g ,  

assuming a second wire diameter of 0.00010 i n  a s  d i scussed  i n  Sect ion 3. 

The a m p l i f i e r  w a s  used with t h e  compensation u n i t  switched o u t ,  and wi th  

the high and low p a s s  f i l t e r s  s e t  a t  10 cps and 320 kcps, r e s p e c t i v e l y .  

The ampl i f i e r  and o s c i l l o s c o p e  g a i n  s e t t i n g s  were a d j u s t e d  so t h a t  t he  

second w i r e  s i gna l  amplitude was l a r g e  enough t o  be convenient ly  viewed 

on the  screen. Typical gain s e t t i n g s  were 12,000 on the  a m p l i f i e r  and 2 

vo l t s / cm on t h e  o sc i l l o scope .  

4.3 OSCILLOSCOPE SCREEN DISPLAY 

The f i r s t  and second wire v o l t a g e s  were d i sp layed  on a dual-beam 

o s c i l l o s c o p e ;  a schematic diagram of the  d i s p l a y  i s  shown i n  Figure 10. 

The second wire t r a c e  i s  displayed i n  t h e  lower h a l f  of t he  f i g u r e ;  the 

s loping po r t ion  of the t r a c e  is  t h e  r e s u l t  of the h e a t  pu l se  produced by 
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t he  f i r s t  w i r e .  The second wire  temperature  i n c r e a s e s  a t  a r a t e  almost 

exac t ly  propor t iona l  t o  the  magnitude of  t h e  hea t  pu lse .  Since t h e  

second wi re  c u r r e n t  i s  a c o n s t a n t ,  the  lower trace (F igure  10)  v a r i e s  i n  

amplitude l i k e  t h e  wire  r e s i s t a n c e ,  which i s  a l i n e a r  func t ion  of t h e  w i r e  

temperature.  Therefore ,  t h e  lower t race i s  r e a l l y  a measure of t h e  second 

w i r e  temperature.  Because t h e  lead ing  edge of t he  h e a t  pu lse  d i f f u s e s ,  a s  

expla ined  in  References 1 and 2, t he  corner  nea r  t on t h e  lower t r a c e  i s  

rounded. However, t h e  s lop ing  po r t ion  of t h e  lower t race i s  no t  s i g -  

n i f i c a n t l y  a f f e c t e d  by the  d i f f u s i o n ,  a s  exp la ined  i n  References 1 and 2. 

0 

The t i m e  t i s  measured t o  the po in t  of i n t e r s e c t i o n  of t he  s lop ing  p o r t i o n  

of the  t r a c e  and t h e  h o r i z o n t a l  po r t ion  of t h e  lower t r a c e .  

0 

The t i m e  o r i g i n  f o r  measuring t i s  de f ined  by t h e  c e n t e r  of 
0 

g r a v i t y  of t h e  energy inpu t  t o  t he  f i rs t  w i r e .  The energy inpu t  i s  de f ined  

by e l ,  e2 ,  and t 

r e n t  from t h e  pu lse  gene ra to r .  This  assumption i s  j u s t i f i e d  because t h e  

shown on t h e  f i g u r e  p l u s  t h e  assumption of cons t an t  cur -  
P 

wire  r e s i s t a n c e  of t he  wires  d iscussed  i n  Sec t ion  3 i s  s m a l l  compared t o  

the  output  impedance of t he  H e w l e t t  Packard 214A gene ra to r .  Then t h e  

t i m e  o r i g i n  may be  shown t o  be a t  t i m e  t l a t e r  than  t h e  lead ing  edge of 

t he  pulse ,  where t i s  given by 

- 

- 

2k 1 + -  
3>  p ( 2 f k  

- 
t = t  

where 
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I -  : 

This c a l c u l a t i o n  a l s o  depends on the  assumption t h a t  t h e  vo l t age  

pulse  i s  l i n e a r  i n  t i m e  between the l i m i t s  e and e However, small 

depa r tu re s  from l i n e a r i t y ,  as given by the  temperature r e s i s t a n c e  

c h a r a c t e r  of Pt - 10% Rh wi re s ,  a re  not s i g n i f i c a n t .  For v a l u e s  of k 

between 0 and w, t he  r a t i o  T/t 
c l o s e  t o  1/2,  which i s  t y p i c a l  of t h e  experiments t o  d a t e ,  t h e  r a t i o  'S/t 

P 
i s  0.533. This  i s  very l i t t l e  d i f f e r e n t  from 0.500, and such d i f f e r e n c e s  

a r e  s i g n i f i c a n t  f o r  high speed measurements such t h a t  t i s  l e s s  than 2 

o r  3 t i m e s  t . For the subsonic tests,  t i s  much l a r g e r  than t so  t h a t  

1 2' 

v a r i e s  from 1 /2  t o  2/3; f o r  v a l u e s  of k 
P 

0 

P 0 P' 
t h e  e r r o r s  involved i n  assuming t t o  be 1/2 t have been n e g l i g i b l e .  

P 
The t i m e  t i s  the  t i m e  r equ i r ed  f o r  t h e  hea t  t r a n s f e r r e d  from 

0 

t h e  f i r s t  w i r e  t o  t r a v e l  t o  the  second w i r e ,  assuming z e r o  hea t  d i f f u s i o n  

i n  the airstream. The h e a t  d i f f u s i o n  i s  the reason f o r  t he  rounding of 

t he  co rne r  of t h e  lower trace i n  Figure 10, and t h e  f a c t  t h a t  t h e  f i r s t  

wire  i s  heated over a f i n i t e  length of t i m e  ( t  ) r a t h e r  than in s t an taneous ly  

has complicated the measurement of t . 
P 

0 

4 . 4  EFFECT OF WIRE NO. 1 WAKE ON to 

The d i s c u s s i o n  of Figure 10 has served t o  demonstrate t he  

measurement of t from the osc i l l o scope  screen.  The fol lowing w i l l  show 

how t i s  used t o  determine the  stream speed U. 

0 

0 

Because w i r e  1 may slow down t h e  h e a t  t r a n s i t  through t h e  

v e l o c i t y  d e f e c t  of i t s  wake, t h e  assumption t h a t  U equa l  x / t  as used 

i n  References 1 and 2 ,  cannot be j u s t i f i e d .  I n s t e a d ,  use i s  made of 

0 0' 

Reference 6 t o  o b t a i n  the v e l o c i t y  d e f e c t  f a r  behind a streamwise f l a t  
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p l a t e .  When t h e  p l a t e  i s  r ep laced  by a c y l i n d e r  of diameter  d such t h a t  

t he  drag force i s  the  same a s  on the  p l a t e ,  t he  v e l o c i t y  d e f e c t  i n  the  

f a r  wake i s  unchanged. The d e f e c t  a long  t h e  wake c e n t e r l i n e  may be c a l -  

c u l a t e d  e a s i l y  and i s ,  i n  terms of t h e  c y l i n d e r ,  

A, U 

where 

L (U - u)  = - x l  <,I 

P Ud = -  
Rd P 

( " f a r "  wake only)  ( 4 - 3 )  

( 4 - 4 )  

( 4 - 5 )  

U i s  the f r e e  s t ream speed, and the  cy l inde r  drag  c o e f f i c i e n t  C may be 

given a s  a func t ion  of Reynolds number R and Mach number M y  a s  i n  

Figure 1.4 of Reference 6 .  

D 

d 

Since w e  do n o t  have an a n a l y t i c  s o l u t i o n  f o r  u i n  the  near  wake 

immediately behind the f i r s t  w i re ,  w e  must make some e s t i m a t e  of t h i s  

v e l o c i t y .  Here we w i l l  assume t h a t  

u = B U  1 ("near" wake only)  ( 4 - 6 )  

where B i s  a parameter  t h a t  may be ad jus t ed  t o  f i t  t h e  experimental  d a t a .  

This assumes u t o  be  cons t an t  i n  the  near  wake, which should be adequate  

f o r  t h e  following c a l c u l a t i o n s .  

1 

The junc t ion  of  t h e  near  and f a r  wakes w i l l  be here  de f ined  a s  t h e  

poin t  where equat ions ( 4 - 3 )  and ( 4 - 6 )  g ive  the  same va lue  of u. This  i s  

- 28- 
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I .  

I 

Then t h e  t i m e  of t r a v e l  of the c e n t e r l i n e  f l u i d  from wire  one t o  wire 

two w i l l  be 
X 
0 dx t o = s  T 
0 

(4-8) 

where u i s  given by Equation (4-7) f o r  0 5 ($) 5 (") and by Equation (4-3) 
d j  x- 

wires. Equation 

($). The length x i s  t h e  d i s t a n c e  between the  two 

(4-8) i n t e g r a t e s  t o  

0 

X 

and 
1 

I I 

f o r  0 5 (1 - B1) 

(4-10) 

(4-11) 

(4-12) 

Figure 11 g i v e s  A 

Knudsen numbers, S c h l i c h t i n g ' s  Figure 1.4 

used t o  compute A 

as a func t ion  of Rd and M. For t he  case  of small 1 
5 

and t h e  Oseen d rag  l a w  were 

For l a r g e  values  of t h e  Knudsen number, 1' 

(4-13) 

7 ,a t h e  f ree-molecular  drag formula of S t a l d e r ,  Goodwin, and Creager w a s  used. 
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9 The T* f a c t o r  given by Dewey 

molecule and t h e  continuum flow l i m i t s  i n  c o n s t r u c t i n g  Figure 11. 

was used t o  i n t e r p o l a t e  between the  f r e e -  

Pritts" has shown experimental ly  t h a t  t h e  v e l o c i t y  de fec t  

becomes g r e a t e r  as t h e  f r e e  stream v e l o c i t y  i s  inc reased  from 50 t o  200 

feet/sec. This  w a s  shown f o r  xo*s  between about 0.01 i n  and 0.10 i n  and 

f o r  d ' s  of both 0.0002 i n  and 0.0004 i n .  The corresponding v a l u e s  of Rd 

were 5.2, 10.5, and 21 f o r  t h e  smaller w i r e  and 10.5, 21, and 42 f o r  t he  

l a r g e r  w i r e .  i n  t h i s  

r eg ion .  Therefore ,  t h e  v e l o c i t y  d e f e c t  should a l s o  have inc reased  w i t h  

Rd. 

Reference t o  Figure 11 shows % i n c r e a s i n g  w i t h  R d 

This expected t r end  i s  f u l l y  confirmed by Reference 10. 

The o v e r a l l  v e l o c i t y  de fec t  r e s u l t s  are c o r r e l a t e d  on Figure 12 

H i n  terms of t h e  c o r r e l a t i o n  parameter 5 = A1/(xo/d) . The v e l o c i t y  d e f e c t  

f u n c t i o n  g ( S , B  ), which i s  j u s t  t h e  r a t i o  of t h e  time f o r  the f r e e  stream 

t o  t r a v e l  t he  d i s t a n c e  x divided by the  t i m e  taken f o r  t h e  c e n t e r l i n e  

f l u i d  t o  t r a v e l  x 

d a t a  c o r r e l a t e s  b e s t  w i th  the B = 0 .2  l i n e .  The d a t a  given by Prit ts  

and by the  w r i t e r  appear t o  c o r r e l a t e  e q u a l l y  w e l l .  Because of the l a r g e  

volume of t h e  Reference 10 d a t a ,  many of the p o i n t s  w e r e  omit ted so t h a t  

t h e  remainder would be c l e a r ;  however, a l l  of t h e  Reference 10 d a t a  ap- 

pear  t o  be i n  good agreement with Figure 12. 

1 

0 

i s  shown f o r  B1 = 0.2 and B = 0.3. The experimental  

10 
0' 

1 

4.5 VELOCITY MEASUREMENTS 

When c o r r e c t i o n  i s  made f o r  t h e  v e l o c i t y  d e f e c t ,  by use of 

g ( f ,  0.2) i n  t h e  equat ion 
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1- L 

1 -  
I 
1 
t 

(4-14) 

t h e  stream v e l o c i t y  U is obtained. The data p o i n t s  on Figure 12  c o n t a i n  a 

small amount of scatter;  t h e  same degree of scatter may be expected i n  

us ing  the  measured t t o  compute U from Equation (4-14). The parameter 5 

i s  ob ta ined  from Equation (4 -12)  and Figure 11. This r e q u i r e s  knowledge 

of Rd and M. Usually these  are known approximately; however, Sec t ion  6 

d e s c r i b e s  a complete d a t a  reduct ion scheme which determines R and M by 

t h e  u s e  of  to, x 

0 

d 

and two hot-wire r e s i s t a n c e  measurements. 
0’ 
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SECTION 5 

VELOCITY MEASUREMENT TESTS I N  SUPERSONIC FLOW 

The f o u r t h  progress  report' ' has d e s c r i b e d  supersonic  v e l o c i t y  

measurements u s ing  t h e  two-wire probe placed i n  t h e  t e s t  s e c t i o n  of  t h e  

Aeronutronic Mach 3 t unne l .  

desc r ibed  i n  Sec t ion  4 f o r  the  subsonic t e s t s .  

compared t o  t i n  t h e  supersonic  t e s t i n g ,  Equation (4-1) w a s  used t o  

de f ine  f i n  ob ta in ing  t . 
i n  measuring t 

gene ra to r  i n  h e a t i n g  wire  1 always was sensed by t h e  w i r e  2 c i r c u i t  and 

was ampl i f i ed  and d i sp layed  as an i n t e r f e r e n c e  o r  "cross t a l k "  on t h e  

second w i r e  osc i l l o scope  t r a c e .  This c r o s s  t a l k  u s u a l l y  appeared over 

much of t h e  h o r i z o n t a l  p a r t  of the  second wire  t r a c e ,  as seen i n  Figure 10. 

Fo r tuna te ly ,  t h e  e f f e c t  of t h e  c r o s s  t a l k  appeared independent of t he  

c u r r e n t  i n  t h e  second wire.  With the second wire  c u r r e n t  a t  ze ro ,  t he  

c r o s s  t a l k  e f f e c t  a lone could be observed. 

The t r a n s i t  time w a s  measured e x a c t l y  a s  

Because t was not  l a r g e  
0 

P 

The s h o r t n e s s  of t a l s o  c r e a t e d  a problem 
0 0 

s i n c e  t h e  e l e c t r i c a l  d i s tu rbance  genera ted  by t h e  pu l se  
0' 

This  made i t  p o s s i b l e  t o  
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c o r r e c t  t he  o s c i l l o s c o p e  t r a c e s  f o r  t he  c r o s s  t a l k .  A Polaroid camera 

w a s  q u i t e  u s e f u l  f o r  recording the o s c i l l o s c o p e  t r a c e s  of both the  c r o s s  

t a l k  a lone and the c r o s s  t a l k  plus the  v e l o c i t y  s i g n a l .  (For the subsonic 

measurements, c r o s s  t a l k  w a s  no t  a problem, inasmuch as  t w a s  much less 

t h a n  t .) 
P 

0 

For the  supersonic  case,  t he  v e l o c i t y  d e f e c t  behind t h e  f i r s t  

w i r e  should be much d i f f e r e n t  from t h e  subsonic case ,  s i n c e  a major p o r t i o n  

of t h e  c y l i n d e r  drag i s  as soc ia t ed  wi th  t h e  bow shock wave mechanism. 

This  w i l l  spread the  v e l o c i t y  de fec t  over a much wider r eg ion  than  i n  the  

subsonic case ,  and t h e  d e f e c t  may b e  a much smaller f r a c t i o n  of t h e  f r e e  

s t r eam speed than i n  the  subsonic case. The problem i s  s u f f i c i e n t l y  

complex t h a t  a measurement of the v e l o c i t y  d e f e c t  would be r e q u i r e d  before  

one cou ld  determine i t s  importance t o  t h e  supersonic  case. 

I n  t h e  f o u r t h  p rogres s  repor t , "  t he  supersonic  v e l o c i t y  de fec t  

was assumed ze ro ,  so t h a t  

X 

t 
0 

0 

u = -  (5-1) 

The r e s u l t i n g  two-wire v e l o c i t y  measurements agreed,  w i t h i n  experimental  

e r r o r ,  w i th  the supersonic  v e l o c i t y  determined by p i t o t  and s t a t i c  pres-  

s u r e  and t h e  s t ream t o t a l  temperature measurements. 11 

For most of t h e  supersonic measurements, x w a s  l a r g e r  t han  0.2 
0 

i n .  This l a r g e  va lue  w a s  necessary i n  o rde r  t h a t  t be long enough t o  

permit t t o  be measured w i t h  f a i r  accuracy. I n  gene ra l ,  x should be 

long enough t h a t  to i s  a t  l e a s t  10 microseconds. 

0 

0 0 

-35- 



I n  a l l  o t h e r  r e s p e c t s ,  t h e  experimental  s e t u p  was s imi l a r  t o  

t h a t  f o r  the subsonic t e s t s .  
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SECTION 6 

PROBE WTA REDUCTION METHOD 

The two w i r e  probe i s  capable of measuring f i v e  d i f f e r e n t  

q u a n t i t i e s  a t  o r  near each p o i n t  i n  a flow f i e l d .  Two of t h e s e  

q u a n t i t i e s ,  0 and 6, relate only to  t h e  d i r e c t i o n  of t h e  v e l o c i t y  v e c t o r ,  

and may be dismissed here  s i n c e  they do no t  i n t e r a c t  w i t h  t h e  o t h e r  

t h r e e  i n  the determinat ion of o the r  flow q u a n t i t i e s .  The o t h e r  t h r e e  - 
x o / t o ,  ea, and e 

pute  t h e  f l u i d  v e l o c i t y  U, pressure p,  dens i ty  p ,  and temperature T. 

Here e and e are de f ined  as t h e  v o l t a g e s  a c r o s s  the no. 2 w i r e  and 

the  w i r e  l e a d s  f o r  two v a l u e s ,  i and i r e s p e c t i v e l y ,  of t he  w i r e  

c u r r e n t .  

a r e  used w i t h  c e r t a i n  c a l i b r a t i o n  c o n s t a n t s  t o  com- b 

a b 

a b’ 

6.1 HOT-WIRE MEAN TEMPERATURE 

Before d i scuss ing  the  data r e d u c t i o n  procedure,  i t  i s  

i n s t r u c t i v e  t o  review t h e  a n a l y s i s &  hot-wire o p e r a t i o n  so t h a t  a 
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b e t t e r  understanding i s  ob ta ined  f o r  t he  phys ica l  meaning of the wire 

vo l t ages  ea and e b '  and t h e  corresponding wi re  c u r r e n t s  i and i b a 

DeweylP has w r i t t e n  the d i f f e r e n t i a l  equat ion which desc r ibes  

the hea t  t r a n s f e r  from the wi re  t o  the  a i r s t r e a m  and t h e  hea t  conduction 

along t h e  wire i t s e l f .  When t h i s  equat ion i s  solved f o r  t he  cond i t ion  

t h a t  each end of the wire i s  a t  temperature  T the  wire w i l l  be found 

t o  have a hyperbolic cos ine  temperature d i s t r i b u t i o n .  When t h i s  d i s t r i b u -  

t i o n  i s  i n t e g r a t e d  over t h e  l eng th  of t h e  w i r e ,  t he  mean wi re  temperature 

i s  found t o  be 

s '  

where H i s  the temperature of an i n f i n i t e l y  long wire and v i s  a c o r r e c t i o n  

parameter f o r  t h e  w i r e  end, which i s  a t  temperature T . Now, 
S 

T, + A ( l  - UTR)  

1 - CYA H =  

and 

k Nu 

W 

where t h e  symbols a r e  de f ined  a s :  

T, = i n f i n i t e  w i re  recovery temperature 

2 
i RR 

-rkoLNuo A =  

i = wire c u r r e n t  

\ = wire r e s i s t a n c e  a t  some r e f e r e n c e  temperature T 

k = f l u i d  thermal conduc t iv i ty  a t  T 

R 

0 0 

-38-  
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I 

TO 

. e =  

d =  

N =  
uo 

a ! =  

R =  

k =  

9,13 

W 

Dewey 

t o t a l  temperature of the flow 

wire  l eng th  

w i r e  diameter 

Nusse l t  number, as  def ined by Dewey 

r e s i s t i v i t y  c o e f f i c i e n t  a s  used i n  the fo l lowing  r e l a t i o n  f o r  

w i r e  resistance 

9,12 

'kc1 +"(T,, - TR)j (6-5) 

wire  thermal conduct iv i ty  

has  a l s o  c o r r e l a t e d  much c y l i n d r i c a l  heat t r a n s f e r  da t a  t o  show 

i n  g raph ica l  form Nu a s  a func t ion  of R e  and Mach number M. He a l s o  

has  r e l a t e d  - t o  t h e  Knudsen number 

0 0 
T* 

TO 

where (6-7) 

where p 

s t a t i c  temperature  T; and y i s  the  r a t i o  of s p e c i f i c  h e a t s  of t he  gas .  

F i n a l l y ,  if t h e  l e a d s  going t o  the  h o t  w i r e  have some r e s i s t a n c e ,  

t h e  w i r e  vo l t age  can be w r i t t e n  as 

i s  the  v i s c o s i t y  a t  temperature T ; b, i s  t h e  v i s c o s i t y  a t  t h e  
0 0 

RL' 

e = i (R +RL) (6-8) 

With t h e  above r e l a t i o n s ,  i t  i s  a simple problem i n  s u b s t i t u t i o n  

t o  compute e when given va lues  o f  i, U, p, P ,  and T p lus  the  w i r e  

parameters k t, d, CY, and E$ and t h e  f l u i d  parameters y ,  ko, and p . 
W' 0 
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A more d i f f i c u l t  problem i s  t o  compute p, P, T and U when g iven  t h e  f i v e  

measurements x / t  e and e i and i p l u s  t h e  above parameters .  

The s t e p s  for t h i s  c a l c u l a t i o n ,  which involves  an i t e r a t i o n  procedure,  

o 0’ a’ b y  a’ b 

a r e  given below i n  Sec t ion  6.2. The procedure makes use  of  t h e  above 

equat ions .  

The vo l t ages  e and e may be used t o  c a l c u l a t e  t he  corresponding a b 

va lues  of wire r e s i s t a n c e  

- RL Ra = e /i a a  

Rb = e b / i b  - RL 

and w i r e  mean temperature 

Ra - RR 
a% 

@RR 

+ TR 
- T -  

a wm 

Rb - % 
+ TR T =  

wmb 

(6-9) 

(6- 10) 

(6-11) 

(6-12) 

I f  ia i s  almost zero ,  Aa w i l l  be so small t h a t  Ha (Equat ion ( 6 - 2 ) )  

i s  almost e q u a l  t o  T, . 
l a r g e ,  t h e  end co r rec t ion  i n  Equat ion (6-1) w i l l  be small so t h a t  T 

I f  t h e  w i r e  a spec t  r a t i o  L/d i s  s u f f i c i e n t l y  
a 

wm a 
Dewey 9’12313 has shown t h a t  T, i s  i s  a lmost  equal t o  both H and T, . a a 

g ives  an approximate measure of T . almost  equal  t o  T so t h a t  Twm 
0’ 0 a 

On t h e  o t h e r  hand, f o r  i = ib s u f f i c i e n t l y  l a r g e  t h a t  A i s  b 

of t h e  order  of 100°R, bo th  % and T 

T, o r  T . 
w i l l  be s i g n i f i c a n t l y  l a r g e r  than 

w% 
Now, the  wire  N u s s e l t  number i s  g iven  by 

0 

2 i R  Nu = o iTkoL(T W - T*) 

-40- 

( 6 - 1 3 )  



2 f o r  an  i n f i n i t e l y  long w i r e  a t  temperature T 

Therefore ,  i f  we can n e g l e c t  wi re  end e f f e c t s ,  

l o s ing  hea t  a t  the  rate i R .  
W 

,-I 

L 

Rb 
Nuo nk &(T - T ) 

o w$ wm a 

(6-14) 

i s  an approximate va lue  of Nu , where k 

speed x / t  

computed. 

From t h i s ,  p U  i s  e a s i l y  found. 

i s  eva lua ted  a t  Twm . From t h e  
0 0 a 

Mach no. i s  e a s i l y  and t h e  speed of sound def ined  by T 
0 0  wm' a 

By using Nuo and M w i t h  Dewey's curves ,  R e  may be  obtained.  
0 

Therefore,  t h e  f i v e  measurements e eb, ia, ib, and x / t  a' 0 0  

may be used t o  r e a d i l y  ob ta in  approximate va lues  of pU, U, and T as 

w a s  o r i g i n a l l y  suggested on page 17 of Reference 1. From these ,  i t  

0' 

i s  easy t o  compute approximate va lues  of p, p ,  and T. 

The next  s e c t i o n ,  6.2, gives a procedure much l i k e  t h e  above 

t o  c a l c u l a t e  by an i t e r a t i o n  procedure more p r e c i s e  va lues  of the  

stream v a r i a b l e s .  

6.2 DATA REDUCTION PROCEDURE 

The fol lowing s t e p s  a r e  used f o r  t h e  d a t a  r educ t ion  procedure: 

1. Use equa t ions  (6-9) t o  (6-12) t o  compute Ra, R, ,  Twm , 
a 

and T 
9' 

2. TO1 is t h e  f i r s t  approximation t o  T . (Other s u b s c r i p t s  
0 

1,2,3,  .... r ep resen t  similar approximations.)  

a Tm L e t  TO1 = (6-15) 

(6-16) 
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Note: for air, the following table lists values of k : 

k x104 (watts/inch/'K) 
0 

-0 
T ( OK> 

80 1.897 

90 2.120 

100 2.348 

120 2.806 

140 3.261 

160 3.712 

iao 4.155 

200 4.595 

220 5.030 

240 5.450 

2 60 5.865 

280 6.260 

300 6.665 

320 7.060 

-42- 
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(6-18) 

(6-19) 



(6-21) 

10. Solve f o r  M - I' 

where& i s  t h e  gas cons t an t  i n  the equa t ion  of s ta te  

&?T- P =/" 

Find t h i s  from Dewey's 

12. I f  above 

(6-22) 

(6-23) 

(6-24) 

M i s  g r e a t e r  than 1, l e t  U2 = U1. I f  i t  i s  l e s s  1 
than  1, use M and R e  

Then compute 

t o  compute g ( g ,  0.2) a s  desc r ibed  i n  S e c t i o n  4. 1 01 

(6-25) 

and u s e  U i n  p l ace  of U1 t o  recompute s t e p s  10 and 11. 2 
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where p(T) i s ,  f o r  a i r ,  

(6-26) 

(6-27) 

(6-28) 

(Suther land ' s  formula) (A, 7 " / <  

(6-29) 

(6-30) 

(6-31) 

(6-32) 

19. - 7 7  - -- (6-33) 
-G 

Dewey12 d i s c u s s e s  'll and recommends the  v a l u e  0.903 f o r  M 1. For M > 1, S 

use 7 = 1.000. 
S 
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2 2 .  

23 .  

25 .  

26 .  

27 .  Solve €or M 2 '  

2 8 .  

(6- 35) 

(see s t e p  7 )  (6-36) 

(6-37) 

(6-38) 

(6-39) 

(6-40) 

(6-41) 

(6-42) 

see Dewey's c h a r t .  13 

29 .  If M2 > 1, let  U3 = U2. If M2 < 1,  use  M2 and R t o  compute 
e02 

g(5, 0 . 2 )  as descr ibed i n  S e c t i o n  4 .  Then compute 

-. L; = - 3 (5 ~ 2 . L )  

and use  U t o  recompute s t e p s  27 and 28 .  3 
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3 0 .  Repeat steps 13 

parameters to compute the 

through 21 using latest values of the 

2' next approimxations; i.e.: compute T 

L fib 'I 

3 3 .  

3 4 .  

3 5 .  

3 6 .  
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( 6 - 4 8 )  

( 6 - 4 9 )  

( 6 - 5 0 )  

( 6 - 5 1 )  

( 6 - 5 2 )  



40. I f  M > 1, l e t  U4 = U3. I f  M < 1, u s e  M and Reo3  t o  compute 
3 3 3 

g(5,  0.2) a s  descr ibed i n  Sec t ion  4 .  Then compute 

and use U t o  recompute s t e p s  38 and 39. 4 

41. Let To - - T03 
M = M3 

u = u4 

and R e o  = R e  
03  

43. 
/ 

see Equation (6-28). 

R T  P = p  45. 

(6-53) 

(6-54) 

(6-55) 

(6-56) 

(6-57) 

(6-58) 

(6-59) 

The above procedure has been programmed i n t o  a Phi lco computer 

and used f o r  t h e  d a t a  r educ t ion  example of Sec t ion  7. 

40 a r e  i t e r a t e d  two more times t o  o b t a i n  added accuracy. The computer 

can reduce 100 d a t a  p o i n t s  i n  2 minutes f o r  a c o s t  of approximately 20 

d o l l a r s .  

A l s o ,  s t e p s  30 through 
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The computer has a l s o  been programmed f o r  an  exac t  (no i t e r a t i o n s  

r e q u i r e d )  computation of e and e using i ib, p, p ,  T,  and U a s  i n p u t s .  a b a '  

This has  served t o  check t h e  accuracy of t h e  d a t a  r educ t ion  procedure.  

This  check i s  s t i l l  underway w i t h  each new case f e d  t o  t h e  computer. 

d a t e ,  t he  procedure has  been e n t i r e l y  s a t i s f a c t o r y .  

To 

6 . 3  DETERMINATION OF HOT-WIRE CALIBRATION CONSTANTS 

Wire parameters A ,  d, kw, CY, and R must be known f o r  the  R 

p r o p e r  reduct ion of t h e  d a t a .  For d ,  w e  have r e l i e d  on the  wire manufacturer ' s  

s p e c i f i c a t i o n  of the diameter ,  as a c t u a l  measurement of t he  diameter would 

be extremely d i f f i c u l t .  Dewey "I3 has  a l s o  r e l i e d  on the  manufacturer f o r  

d. To determine A ,  the  wire  co ld  r e s i s t a n c e  has been measured and d iv ided  

by the  manufacturer ' s  quoted va lue  of r e s i s t a n c e  i n  ohms p e r  f o o t .  The 

r e s u l t i n g  length agrees  w e l l  w i t h  a d i r e c t  measurement of wire  l eng th .  

A va lue  k = 0.785 w a t t s / i n  K has  been used f o r  a l l  computations. 0 

W 

To determine CY and %, t he  p r e f e r r e d  method has been t o  p l ace  

t h e  wire  i n  the supersonic  tunnel  t e s t  s e c t i o n  where p, P ,  T ,  and U are  

known from t h e  tunnel  c a l i b r a t i o n ,  as measured a c c u r a t e l y  by p i t o t  and 

s t a t i c  pressure measurements and the  known tunne l  t o t a l  temperature .  Then 

I 
I 
8 
I 
I 
t 
I 
I 

e e i and i are  measured; u s u a l l y  i i s  s e t  a t  1 m a  and i a t  about 

8 m a .  With these  measurements, t he  equa t ions  of Sec t ion  6 . 1  a r e  so lved ,  

by computer, t o  determine t h e  unique v a l u e s  of  CY and R which f i t  t h e  

measurements. 

a '  b y  a '  b a b 

R 

Dewey12 desc r ibes  a small  furnace which he used t o  determine CY 

and R This  was done by measuring the  wi re  r e s i s t a n c e  as a f u n c t i o n  of R R '  
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temperature ,  and then using equat ion (6-5) t o  f i n d  CY and . While t h i s  

method i s  a c o r r e c t  one, i t  i s  bel ieved no t  t o  be nea r ly  as s a t i s f a c t o r y  

as t h e  wind tunnel  method. This  i s  because t h e  wind tunnel  method ope ra t e s  

so  t h a t  any e r r o r s  i n  t h e  v a l u e s  of 4, d, kw, vs, e t c .  are a t  l e a s t  

p a r t i a l l y  compensated. 

RR 

The wind tunne l  method has been used f o r  t he  r e s u l t s  r epor t ed  

i n  P a r t  1 of Reference 14. Pa r t  2 of Reference 14 u s e s  a s i m p l i f i e d  form 

of the  wind tunnel  method. This s i m p l i f i c a t i o n  i s  p o s s i b l e  because the  

flow f i e l d  does no t  c o n t a i n  Mach numbers less than about 2 .  

6.4 USE OF PITOT AND STATIC TUBES I N  FLOW FIELD MEASUREMENTS 

Although the  two-wire method may be used t o  determine the stream 

v a r i a b l e s ,  p i t o t  and s t a t i c  tube methods are o f t e n  f a s t e r  and more p r e c i s e .  

This  i s  t r u e  i n  p a r t i c u l a r  where high-speed v e l o c i t y  measurements i n  highly 

t u r b u l e n t  flows a r e  des i r ed .  However, p i t o t  and s t a t i c  tube measurements 

a lone  are  not  s u f f i c i e n t  f o r  measuring stream v a r i a b l e s ;  a l s o  r e q u i r e d  i s  

the hot-wire determinat ion of stream t o t a l  temperature by the measurement 

of e and ia. a 

Reference 14 uses  two d i f f e r e n t  groups of measurements: 

Group 1: s t a t i c  and p i t o t  p re s su res ,  e i 

Group 2 :  s t a t i c  pressure,  e i e i 

a’ a 

a’ a’ b’ b 

Each of t hese  i s  s u f f i c i e n t  t o  determine the  stream v a r i a b l e s .  These 

groups do no t  measure t h e  l o c a l  stream d i r e c t i o n .  Therefore,  the two- 

w i r e  method m u s t  be used t o  determine the  stream d i r e c t i o n .  
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Section 3.1 of Reference 1 sugges t s  the use of s t a t i c  and p i t o t  

probes a s  an  a i d  i n  flow f i e l d  measurements. A l o g i c a l  conclusion i s  t h a t  

both the two-wire probe and t h e  p re s su re  in s t rumen t s  should be used, each 

t o  i t s  f u l l e s t  advantage,  i n  flow f i e l d  measurements. 

This has been done i n  Reference 14, which i s  be l i eved  t o  be the 

only example i n  the l i t e r a t u r e  of t he  de t e rmina t ion  of stream v a r i a b l e s  

based e n t i r e l y  on measurements throughout a compressible flow f i e l d .  

Dewey’ had previously determined stream v a r i a b l e s  i n  a l i k e  manner, bu t  

only i n  a l imi t ed  p o r t i o n  of a flow f i e l d .  
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SECTION 7 

EXAMPLE OF THE FLOW FIELD MEASUREMENT BEHIND A CONE 

Flow f i e l d  parameters have been measured along a l i n e  one-half 

a base diameter behind a 12  degree ha l f -angle  cone. The forward end of 

the  cone w a s  mounted on a streamwise rod which extended through the  t h r o a t  

of t he  Aeronutronic Mach 3 t ~ n n e 1 . l ~  

same f i e l d  but  no t  us ing  the two-wire probe have been r epor t ed  elsewhere.  

The cone base diameter w a s  one inch, the f r e e  stream Reynolds number based 

on base diameter w a s  112,000, and the  Mach number of the f r e e  stream was 

3.035. The tunnel  t o t a l  temperature was 298.6 K, and the t o t a l  p r e s s u r e  

was 450 mm Hg. The cone w a s  a t  zero angle  of a t t ack .  

Detai led flow measurements of t he  

14 

0 

Because the  model was axisymmetric, t he  flow f i e l d  w a s  

e s s e n t i a l l y  axisymmetric. This f a c t  e l imina ted  the  need t o  r o t a t e  the  

probe about t he  8 a x i s  i n  order  t o  br ing  the  wires perpendicular  t o  the 

stream. A l l  measurements were made i n  the  XY plane, which was v e r t i c a l  

and passed through the  cone cen te r l ine .  
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7 . 1  VELOCITY VECTOR DIRECTION MEASUREMENTS 

The flow d i r e c t i o n  measurements a r e  shown on Figure 13. The 

cone i s  ou t l ined  on the  l e f t  s i d e  of t he  f i g u r e .  The arrows r e p r e s e n t  

the measured flow d i r e c t i o n s ;  t he  d o t s  i n d i c a t e  the  p o i n t s  t o  which t h e  

measurements r e f e r .  The lower t h r e e  p o i n t s  show t h e  r e v e r s e  flow reg ion  

near the ax i s .  The upper 13 p o i n t s  show t h e  flow i n c l i n a t i o n  of t h e  

cone expansion fan .  

The t h r e e  lower p o i n t s  were taken wi th  x = 0.028 i n .  Since 
0 

t he  flow Reynolds number was q u i t e  low, the  flow d i r e c t i o n  measurements 

were not sharp,  and the  flow d i r e c t i o n  was obtained only approximately,  

For the upper 13 p o i n t s  the Reynolds number was much l a r g e r  and 

t h e  measurements were q u i t e  sharp;  the flow ang le  could be determined t o  

w i t h i n  l e s s  than one degree.  The d i s t a n c e  x was 0.150 i n .  
0 

A l l  the measurements were r epea ted  without  d i f f i c u l t y  as a 

check on the work. The second wire  w a s  always moved t o  both s i d e s  of 

t he  heated wake of t he  f i r s t  w i re  t o  a i d  ob ta in ing  the  b e s t  p o s s i b l e  

measure of the flow d i r e c t i o n .  

7 . 2  STREAM VARIABLE MEASUREMENTS AND DATA REDUCTION 

Figures 14 and 15 show the stream parameters,  p, p ,  and T 

normalized by the corresponding f r e e  stream parameters,  p,, p,, and T,. 

The f r e e  stream va lues  were p, = 0.225 p s i a ,  p, = 0.998 x 10 

and T, = 105.0°K. 

from Group 1 measurements - p ,  p '  ( p i t o t  p r e s s u r e ) ,  e a ,  and ia; the  d o t t e d  

-4 3 s l u g s / f t  , 

U i s  given i n  f e e t l s e c .  The s o l i d  l i n e s  were determined 

0 
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FIGURE 13. MEASURED VELOCITY DIRECTION VECTORS - DOTS SHOW 
P O I N T  TO WHICH THE MEASUREMENTS REFER 
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l i n e s ,  from Group 2 measurements - p ,  e i e and i the  c i r c u l a r  a’ a ’  b y  b; 

da ta  po in t s ,  from Group 3 or  the  two-wire probe measurements - xo / toY 

e i e b y  and i The measurements were taken a t  x = 0.5 d i a .  behind 

the cone and i n  the range 0 5 Y 5 1.0 d i a .  from the cone c e n t e r l i n e .  

a’ a ’  b’ 

The Group 1 and 2 p ,  ea, and i measurements were i d e n t i c a l ,  a 

s o  t h a t  t he  small d i f f e rences  between the  two groups i s  a r e s u l t  of us ing  

i n  Group 1 as opposed t o  e and i i n  Group 2 .  The group 2 and 3 PA b b 

e i e and i measurements were i d e n t i c a l ;  the  d i f f e rences  between a’  a’ b y  b 

the two groups i s  a r e s u l t  of using p i n  Group 2 as opposed t o  x / t  i n  
0 0  

Group 3 .  

The g r e a t e s t  problem i n  obta in ing  accuracy wi th  the  Group 3 

da ta  was t h a t  of accu ra t e ly  measuring the high speed va lues  of x / t  
0 0  

or  U. This i s  a r e s u l t  of the thermodynamic r e l a t i o n  

T = T o - -  U 

2c 
P 

which was used i m p l i c i t l y  i n  the  da t a  reduct ion  process  i n  the  form 

(7-1) 

and 

0 
T 

T =  
1 +y-12 

2 

(7 -2 )  

(7-3)  

Equations (7-2)  and (7-3)  may be reduced t o  (7-1).  

I f  To were 300°K and U were 2545 f t / s e c ,  Equation (7-1)  g ives  

T = 0. This shows t h a t  f o r  T near 300°K, as i n  the p re sen t  experiments,  
0 
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an e r r o r  of only 15% i n  the  measurement of U, whose t r u e  value may be 

2200 f t / s e c ,  w i l l  g ive  va lues  of  T which a r e  completely erroneous.  

t h e  Group 3 method of determining p depends on T through t h e  equat ion  of 

s t a t e ,  p = PRT, t h i s  may a l s o  r e s u l t  i n  erroneous va lues  of p. Therefore ,  

whenever U i s  so l a r g e  as t o  approach t h e  va lue  (2C T ) , as  may e a s i l y  

be determined i n  the computer da ta  r educ t ion  process ,  the va lue  of U should 

be examined f o r  poss ib l e  e r r o r s .  

Since 

% 
P O  

This  p o s s i b i l i t y  f o r  e r r o r  w a s  the  reason  f o r  l i m i t i n g  the  

1 a p p l i c a b i l i t y  of the  two-wire method t o  M 5 3.  A s h o r t  c a l c u l a t i o n  shows 

t h a t  

U d M = M ( l  dU + y d )  (7-4) 

This  means t h a t  a t  M = 3, a small percentage e r r o r  i n  t h e  measurement of 

U r e s u l t s  i n  a percentage e r r o r  8.4 times as  g r e a t  f o r  y = 1.4 i n  t h e  va lue  

of M. However, t h e  r a t i o  i s  down t o  3.6  a t  M = 2,  t o  1.2 a t  M = 1, and t o  

1.0 a t  M = 0. Hence, t h e  problem e x i s t s  only a t  t h e  l a r g e r  Mach number. 

The Group 1 measurements could  no t  be reduced f o r  Y c 0.18 d i a .  

because the  p '  reading w a s  no longer v a l i d .  

unknown flow d i r e c t i o n  i n  the base r e c i r c u l a t i o n  reg ion  and p a r t l y  because 

of the  d i f f i c u l t y  of measuring both p and p; w i t h  accuracy s u f f i c i e n t  f o r  

meaningful r e s u l t s .  The Group 2 measurements were n o t  used near  Y = 0 

because of d i f f i c u l t y  wi th  the  data  r educ t ion  process .  An improved com- 

pu te r  technique i s  needed f o r  t h i s  r eg ion .  

This w a s  p a r t l y  because of t h e  
0 
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NO d i f f i c u l t i e s  were experienced i n  reducing t h e  Group 3 d a t a .  

The r e s u l t s  f o r  T were i n  reasonable  agreement wi th  t h e  Group 1 and 2 

r e s u l t s ,  al though the  d i f f i c u l t y  i n  measuring U w i t h  s u f f i c i e n t  accuracy 

i s  apparent  i n  the high speed r eg ion .  I n  t h e  low speed r e c i r c u l a t i o n  region 

near t he  a x i s  (Y < 0.2), p ,  P, and T were expected t o  be nea r ly  c o n s t a n t ;  

however, t he  Group 3 v a l u e s  of p and p a r e  s i g n i f i c a n t l y  l a r g e r  than the  

p and p of Group 1. This i s  be l i eved  t o  be a r e s u l t  of t he  f a c t  t h a t  t h e  

hot-wire  probe was i n  a r eve r se  flow reg ion .  The probe t i p s  used t o  

measure x / t  were designed l i k e  those i n  t h e  lower h a l f  of Figure 9 so 

t h a t  the t i p s  appa ren t ly  d i d  not i n t e r f e r e  wi th  t h e  t measurement. 

However, f o r  t he  e 

w i th  the  r e s u l t  t h a t  the flow must have t r a v e l e d  over t h e  e n t i r e  probe t i p  

before  reaching the hot  wire .  

0 0  

0 

and ib measurements a convent ional  probe t i p  was used b 

Each of t he  x / t  measurements were r epea ted  s e v e r a l  t imes as a 

check on the previous r e s u l t s .  For the  r e c i r c u l a t i o n  r eg ion  of t he  flow, 

x was 0.028 i n .  For the high speed r e g i o n s ,  x was s e t  a t  0.240 i n .  I n  

the shear  layer region (near  0.3 < Y < 0 . 4 ) ,  no x / t  measurements were 

taken, a s  the stream turbulence made measurement of t d i f f i c u l t .  

0 0  

0 0 

0 0  

0 

The numbers used i n  the Group 3 d a t a  r educ t ion  process are 

given i n  Table 1. The w i r e  c u r r e n t s  were measured using a d i g i t a l  v o l t -  

meter a c r o s s  a p r e c i s i o n  10 ohm r e s i s t o r  i n  s e r i e s  with t h e  hot w i re .  

The d i g i t a l  voltmeter was used t o  d i r e c t l y  measure e 

vol tmeter  and a Moseley p l o t t e r  were used i n  an  automated system f o r  p l o t -  

t i n g  e or  e as a f u n c t i o n  of Y .  The l a s t  d i g i t  on t h e  vo l tme te r  r ead  i n  

increments of 0.01 mv. 

and eb; both the a 

a b 
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1 
4 
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I 
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I 
8 

TABLE 1 

4, = 0.02035 in 

d = 0.00010 in 

= 1.095 ohms RL 
ia = 1.000 ma 

ib = 8.494 ma 

a! = 0.001517/°K 

\ = 19.354 ohms 

Xo’to e 
Y ( ft / s e c )  h 
0 

.10 

.12 

.13 

.585 

.630 

.674 

.719 

.764 

.809 

.855 

.goo 

.950 

1 .ooo 

52 

37 

36 

23 
2200 

2200 

2200 

2000 

2000 

2000 

2000 

2000 

2000 

2000 

20.24 

20.15 

20.13 

20.12 

20.68 

20.64 

20.59 

20.53 

20.47 

20.425 

20.385 

20.375 

20.38 

20.38 

-59- 

e 

&!l 
239.5 

238.4 

238.1 

238 .O 
197.5 

194.0 

190.4 

189 .O 
186.5 

184.9 

183.75 

183.45 

183.5 

183.65 



SECTION a 

FLOW REGIME OF PROBE OPERATION 

I n  t es t s  t o  d a t e  the two-wire probe has  been opera ted  over a 

wide range of U,  p ,  p,  and T.  This  i s  i l l u s t r a t e d  on Figure  16.  The 

upper two po in t s  were measured i n  t h e  subsonic  wind tunne l ;  t h e  f o u r  

lower po in t s  were taken  i n  measuring the  cone nea r  wake, as shown on 

Figures  1 4  and 15. 

8.1 LIMITS OF PROBE OPERATION TO DATE 

The probe i s  use fu l  f o r  measuring flow v e l o c i t i e s  a t  Mach 

numbers much g r e a t e r  than the  3.8  shown on Figure 16, but  t h e  corresponding 

problem of da ta  reduct ion  does not  permit  t h e  corresponding s t a t i c  p re s su res  

and t e m p e r a t u r e s  t o  be determined a c c u r a t e l y  u n l e s s  t h e  Mach number i s  

about  3 o r  l e s s ,  as d iscussed  i n  Sec t ion  7.  

The probe should a l s o  be u s e f u l  i n  determining v a l u e s  of p and p 

much l a r g e r  o r  smal le r  than covered by Figure  16, but  t he  p re sen t  t e s t  

f a c i l i t i e s  have not permi t ted  a s i g n i f i c a n t l y  wider  range of t e s t  cond i t ions .  
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1 OF THE DATA POINTS ARE 
THE STATIC PRESSURES I N  
P S  IA 

2 3 4 

F 0 4 9 3 4  U MACH NO. 

FIGURE 16. FLOW REGIME MAP SHOWING RANGE OF OPERATION 
OF THE TWO-WIRE PROBE TO DATE 
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A t  l a r g e r  p and p, t h e  problem of a i r  loads  on t h e  wires becomes g r e a t e r ,  

a n d  would f i n a l l y  be a l i m i t i n g  f a c t o r  if p and p were inc reased  by too  

l a r g e  a f a c t o r .  For p and p g r e a t l y  reduced from the  v a l u e s  of F igure  16, 

t he  problem of poor h e a t  t r a n s f e r  t o  and from t h e  wires  would l i m i t  t he  

probe opera t ion .  I n  f a c t ,  a t  t h e  lowest po in t  on t h e  f i g u r e  t h e  Reynolds 

number R based on t h e  l e n g t h  x was a l r eady  so small (about 6)  t h a t  t h e  

hea t  d i f f u s i o n  of t h e  f low made t h e  de te rmina t ion  of  t h e  v e l o c i t y  vec to r  

d i r e c t i o n  d i f f i c u l t .  The correspondingly small  Nusse l t  number of  t he  

second w i r e  made t h e  t measurement d i f f i c u l t .  

xo  0 

0 

8.2 IMPROVEMENT I N  PROBE OPERATING LIMITS THROUGH FUTURE RESEARCH 

Two a r e a s  of f u t u r e  r e sea rch  should be h e l p f u l  i n  s e t t i n g  

l i m i t a t i o n s  to  the  probe ope ra t ion .  The f i r s t  i s  an  improved wire  material ,  

a s  d i scussed  i n  Sec t ion  3 f o r  a p p l i c a t i o n  t o  wire  1. I f  t h i s  m a t e r i a l  

(92% P t ,  8% W )  can be mounted i n  t h e  probe t i p s  wi thout  d i f f i c u l t y ,  a s  may 

be expected,  i t s  g r e a t e r  s t r e n g t h  and r e s i s t i v i t y  should make p o s s i b l e  the  

t ransmiss ion  of a much l a r g e r  hea t  pu l se  t o  the  second w i r e .  

The l a r g e r  hea t  pu l se  would be a very  welcome improvement. The 

s i g n a l s  rece ived  by the  second w i r e  t o  d a t e  o f t e n  have been p a r t i a l l y  masked 

by apparent  flow turbulence ;  t hus ,  t h e  l a r g e r  hea t  pu lse  should c l a r i f y  

the  hea t  s igna l .  

This l e a d s  t o  t h e  second a r e a  f o r  r e sea rch .  Because of t he  

problem of tu rbu len t  masking of t h e  s i g n a l ,  an a n a l y s i s  should be performed 

t o  see what l eve l s  of tu rbulence  w i l l  provide a tu rbu len t  s i g n a l  capable  
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of masking t h e  hea t  s i g n a l .  The a n a l y s i s  should be checked by placing 

the  two-wire probe i n  an experimental  f a c i l i t y  where t h e  turbulence l e v e l  

can be v a r i e d  over a wide range and independently measured f o r  i t 5  

amplitude.  Then, the maximum turbulence amplitude f o r  which the  turbulence 

does not  g r e a t l y  i n t e r f e r e  wi th  probe measurements can be mapped as a 

f u n c t i o n  of t h e  mean flow v a r i a b l e s .  
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SECTION 9 

CONCLUSIONS 

A probe has been developed which c a r r i e s  two hot-wire elements.  

This  has l e d  to  the following conclusions:  

1. The probe may be used t o  manipulate the wi re s  i n  a gas 

stream so t h a t  a heat pulse  generated by the  f i r s t  wire may be sensed by 

the second wire t o  determine t h e  flow d i r e c t i o n .  

2 .  The probe may be used t o  measure flow speeds from almost 0 

t o  over 2000 f e e t l s e c  provided t h a t  t he  flow s t a t i c  p re s su re  and d e n s i t y  

do not  exceed c e r t a i n  r a t h e r  wide l i m i t s .  

3 .  The d a t a  taken from the hot-wire  elements can be used t o  

compute the  stream v a r i a b l e s  - pres su re ,  d e n s i t y ,  temperature,  and Mach 

number - provided t h a t  the Mach number i s  not  g r e a t e r  than about 3 .  The 

probe may be used a t  low subsonic speeds a s  w e l l  a s  a t  supersonic  speeds.  

4 .  A machine program i s  r e q u i r e d  f o r  r a p i d  computation of the 

flow v a r i a b l e s .  
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5 .  The probe i s  usefu l  only i n  reg ions  where t h e  flow 

turbulence  does no t  exceed a c e r t a i n  amount. 
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